This year marks the 50th anniversary of the discovery of the laser. The development of lasers for medical use, which became known as low-level laser therapy (LLLT) or photobiomodulation, followed in 1967. In recent years, LLLT has become an increasingly mainstream modality, especially in the areas of physical medicine and rehabilitation. At first used mainly for wound healing and pain relief, the medical applications of LLLT have broadened to include diseases such as stroke, myocardial infarction, and degenerative or traumatic brain disorders. This review will cover the mechanisms of LLLT that operate both on a cellular and a tissue level. Mitochondria are thought to be the principal photoreceptors, and increased adenosine triphosphate, reactive oxygen species, intracellular calcium, and release of nitric oxide are the initial events. Activation of transcription factors then leads to expression of many protective, anti-apoptotic, anti-oxidant, and pro-proliferation gene products. Animal studies and human clinical trials of LLLT for indications with relevance to neurology, such as stroke, traumatic brain injury, degenerative brain disease, spinal cord injury, and peripheral nerve regeneration, will be covered.
INTRODUCTION
It was not long after the discovery of the first lasers (the ruby laser in 1960 and the heliumneon [HeNe] laser in 1961) that they began to be used in medical applications. In 1967, Endre Mester in Hungary noticed the ability of the HeNe laser to increase hair growth [1] and stimulate wound healing in mice [2] , and, shortly afterward, he began to use lasers to treat patients with nonhealing skin ulcers [3] . Since those early days, the use of low-power lasers (as opposed to high-power lasers that can destroy tissue by a photothermal effect) has steadily increased in diverse areas of medical practice that require healing, prevention of tissue death, pain relief, reduction of inflammation, and regenerative medicine. Some of the different organ systems, diseases, and injuries that have been effectively treated with lowlevel laser therapy (LLLT) are schematically shown in Figure 1 .
Nevertheless, this modality, which is variously known as LLLT or photobiomodulation, remains controversial. The reasons for this lack of general acceptance among both the medical community and the general public at large are 2-fold. First, widespread uncertainty and confusion exists about the mechanisms of action of LLLT at the molecular, cellular, and tissue levels. Second, a large number of parameters (eg, wavelength, fluence, irradiance, treatment timing and repetition, pulsing, and polarization) can be chosen in designing LLLT protocols. Furthermore, a biphasic dose response exists in laser therapy [4] , which describes the observation that increasing the overall "dose" of the laser either by increasing the power density or by increasing the illumination time may have a counter-productive effect compared with the benefit obtained with lower doses. Taken together, these considerations may explain why a number of negative studies have been published; however, this should not be taken to imply that LLLT in general does not work but rather that the laser parameters used in those particular studies were ineffective.
In recent years, the development of light-emitting diodes (LEDs) as alternative light sources for LLLT has added to the confusion. These devices produce light with wavelengths similar to those of lasers, but they have broader output peaks (ie, they are less monochromatic) and lack the coherence that is a particular feature of laser light. LEDs have the advantage of being significantly less expensive than laser diodes (by a factor of approximately 100 on a milliwatt basis), and the LLLT community is engaged in a vigorous ongoing debate about their respective benefits.
This review covers the mechanisms that are thought to operate at molecular and cellular levels in LLLT. Many of the most compelling applications of LLLT are in the field of neurology (both central and peripheral). Many serious brain diseases and injuries can be successfully treated with noninvasive transcranial laser therapy. Furthermore, in the peripheral nervous system, LLLT can be used effectively for nerve regeneration and pain relief.
CELLULAR AND MOLECULAR MECHANISMS OF LLLT
LLLT uses low-powered laser light in the range of 1-1000 mW, at wavelengths from 632-1064 nm, to stimulate a biological response. These lasers emit no heat, sound, or vibration. Instead of generating a thermal effect, LLLT acts by inducing a photochemical reaction in the cell, a process referred to as biostimulation or photobiomodulation. Photobiology works on the principle that, when light hits certain molecules called chromophores, the photon energy causes electrons to be excited and jump from low-energy orbits to higherenergy orbits. In nature, this stored energy can be used by the system to perform various cellular tasks, such as photosynthesis and photomorphogenesis. Numerous examples of chromophores exist in nature, such as chlorophyll in plants, bacteriochlorophyll in bluegreen algae, flavoproteins, and hemoglobin found in red blood cells. The respective colors of chromophores are determined by the part of the spectrum of light they absorb: chlorophyll is green, flavoprotein is yellow, and hemoglobin is red [5] .
Mitochondria are considered the power generators of the eukaryotic cell, converting oxygen and nutrients through the oxidative phosphorylation process and electron transport chain into adenosine triphosphate (ATP), as shown in Figure 2 . The basic idea behind cellular respiration is that high-energy electrons are passed from electron carriers, such as reduced nicotinamide adenine dinucleotide (NADH) and the reduced form of flavin adenine dinucleotide (FADH 2 ), through a series of transmembrane complexes (including cytochrome c oxidase [CCO] ) to the final electron acceptor, generating a proton gradient. The gradient is used by F O F 1 ATP synthase to produce ATP. Various in vitro experiments, such as those that use rat liver isolates, found that cellular respiration was upregulated when mitochondria were exposed to an HeNe laser or other forms of illumination. Laser irradiation caused an increase in mitochondrial products (such as ATP [6] , NADH, protein, ribonucleic acid [RNA] [7] ) and a reciprocal augmentation in oxygen consumption. A similar effect is produced when tissue that contains mitochondria is exposed to low-level radiation. Visible and near-infrared (NIR) light is absorbed by the organelle, and an upregulation of cellular respiration is observed [8] .
Once it was observed that LLLT's mechanism of action is at the level of the mitochondria, it remained to be determined what specific structure within the mitochondria acted as the chromophore. Four membrane-bound complexes have been identified in mitochondria, each constituting an extremely complex transmembrane structure embedded in the inner membrane. Complex IV, also known as CCO, is a large transmembrane protein complex found in mitochondria, which is a component of the respiratory electron transport chain ( Figure 3 ). CCO appears to absorb the same spectrum of light as that observed for the action spectra for the biological response to light in the NIR range. Thus it is reasonable to assume that CCO acts as an important chromophore in LLLT [9] . CCO consists of 2 copper centers and 2 heme-iron centers that are capable of absorbing light over a wide range, including NIR.
The next reasonable question to consider is: What action does CCO modulate once it absorbs the energy from light? On the cellular level, LLLT may cause photodissociation of nitric oxide (NO) from CCO. In a stressed cell, NO produced by mitochondrial NO synthase displaces oxygen from CCO, which results in a downregulation of cellular respiration and a subsequent decrease in the production of energy-storing compounds, such as ATP. By dissociating NO from CCO, LLLT prevents the displacement of oxygen from CCO and thereby promotes unhindered cellular respiration [10] (see Figure 4 ). Increased CCO enzyme activity can be measured [11] ; increased ATP production [12] and increased electron transport [13] also have been reported. The basic idea behind cellular respiration is that high-energy electrons are passed from electron carriers, such as NADH and FADH 2 , through a series of transmembrane complexes (including CCO) to the final electron acceptor. Increased cellular ATP produced by LLLT may contribute to the positive effects, both by raising cellular energy levels and by upregulating the cyclic AMP molecule (biochemically formed from ATP) that is involved in many signaling pathways.
Oxygen acts as the final electron acceptor and is, in the process, converted to water. Part of the oxygen that is metabolized produces reactive oxygen species (ROS) as a natural byproduct. ROS (eg, superoxide and hydrogen peroxide) are chemically active molecules that play an important role in cell signaling, regulation of cell cycle progression, enzyme activation, and nucleic acid and protein synthesis [14] . Because LLLT promotes the metabolism of oxygen, it also acts to increase ROS production. In turn, ROS activates certain redox-sensitive transcription factors such as nuclear factor-κB [NF-κB] and activator protein 1, which leads to the upregulation of various stimulatory and protective genes. The ultimate effect of LLLT is likely to be produced by transcription factor activation, which modulates the host's downstream cellular and tissue responses (see Figure 5 ).
Almost certainly, other mechanisms through which LLLT produces its effects are at play in addition to the one just described. For example, NO is a potent vasodilator via its effect on cyclic guanine monophosphate production. Cyclic guanine monophosphate is also involved in many other signaling pathways. LLLT may cause the photodissociation of NO from intracellular stores (ie, nitrosylated forms of both hemoglobin and myoglobin, in addition to CCO) [15] . LLLT promotes the synthesis of deoxyribonucleic acid (DNA) and RNA [16] and increases the production of proteins [17] . It also modulates enzymatic activity [18] , affects intracellular and extracellular pH [17, 18] , and accelerates cell metabolism [18, 19] . The expression of multiple genes related to cellular proliferation, migration, and the production of cytokines and growth factors also have been shown to be stimulated by lowlevel light [20] .
Light is a powerful force and has a myriad of effects. The specific mechanisms of action may vary among various clinical applications of LLL and will be discussed in the respective sections below. Furthermore, in spite of a great number of studies that explored how LLLT works, the exact mechanism of action remains to be fully elucidated.
STROKE
Transcranial LLLT (808 nm) has significantly improved recovery after ischemic stroke in rats when they received one treatment 24 hours after sustaining a stroke [21, 22] . Stroke was induced in rats by 2 different methods: (1) permanent occlusion of the middle cerebral artery through a craniotomy or (2) insertion of a filament. The laser was used transcranially on the exposed (shaved skin) skull by placing the tip of the 4-mm diameter fiber optic onto the skin at 2 locations on the head (3 mm dorsal to the eye and 2 mm anterior to the ear) on the contralateral hemisphere to the stroke. These locations had been determined from prior measurements to be sufficient to illuminate 1 brain hemisphere as a result of dispersion of the laser beam by the skin and the skull. Results of previous studies had shown that LLLT of the contralateral, or both hemispheres, demonstrated no difference in functional outcome [23] . An NIR gallium arsenic diode laser was used transcranially to illuminate the hemisphere contralateral to the stroke at a power density of 7.5 mW/cm 2 to the brain tissue [22] . In both models of stroke, the neurologic deficits at 3 weeks after stroke were significantly reduced (by 32%) (P < .01) in the laser-treated rats compared with control subjects.
In this study, the number of newly formed neuronal cells, assessed by double immunoreactivity to bromodeoxyuridine and tubulin isotype III, as well as migrating cells (double Cortin immunoreactivity), was significantly elevated in the subventricular zone of the hemisphere ipsilateral to the induction of stroke when treated by LLLT [21, 22] . No significant difference in the stroke lesion area was found between control and laserirradiated rats. The researchers suggested that an underlying mechanism for the functional benefit after LLLT in this study was possible induction of neurogenesis. Results of other studies also suggested that, because improvement in neurologic outcome may not be evident for 2-4 weeks in the poststroke rat model, delayed benefits may in part be due to induction of neurogenesis and migration of neurons [24, 25] . In addition, transcranial LLLT may prevent apoptosis and improve outcomes by exerting a neuroprotective effect, although these exact mechanisms are poorly understood [26] .
Other studies in rat and rabbit models also have observed that transcranial LLLT improves functional outcome after stroke [25, 27, 28] . A recent rabbit study combined transcranial LLLT with thrombolytic therapy by using tissue plasminogen activator, with no increase in bleeding and good safety [29] .
In the aforementioned studies, it has long been hypothesized that increased mitochondrial function (ie, increased ATP production) in brain cells irradiated with NIR LLLT was one of the major mechanisms involved with the beneficial behavioral effects observed after LLLT treatment. A recent animal study with rabbits has shown a direct relationship between the level of cortical fluence (energy density) delivered (in J/cm 2 ) and cortical ATP content in embolized rabbits [30] . Five minutes after embolization (right carotid), the rabbits were exposed to 2 minutes of NIR transcranial LLLT with use of an 808-nm laser source (continuous wave [CW] or pulsed wave [PW] at 100 Hz or at 1000 Hz on the skin surface, posterior to bregma at midline). Three hours after embolization, the cerebral cortex was excised and processed for measurement of ATP content. Embolization decreased cortical ATP content in ischemic cortex by 45% compared with naive rabbits.A linear relationship up to 4.5 J/cm 2 in fluence delivered, was observed for the relationship between cortical fluence (in J/cm 2 ) verus percent increase in cortical ATP content (over sham-treated embolized rabbits). This linear relationship was observed with a power density of 7.5 mW/ cm 2 CW (0.9 J/cm 2 ), where an increase of 41% in cortical ATP was observed; and with a power density of 37.5 mW/cm 2 PW (100 Hz, 4.5 J/cm 2 ), where an increase of 157% in cortical ATP was observed. An increase in cortical ATP of 221% was observed with fluence of 31.5 J/cm 2 , delivered with a power density of 262.5 mW/cm 2 PW, 1000 Hz. This suggests that a near-plateau effect was present regarding the fluence level delivered above 4.5 J/cm 2 . It was surprising, however, that the increased cortical ATP levels of 157% and 221%, were higher than those measured in naive rabbits that had never suffered stroke. Because the authors observed that the PW modes (100 Hz and 1000 Hz) were more effective than the CW mode to increase cortical ATP, they hypothesized that in future stroke studies in animals and in humans, even greater improvement in clinical rating scores might be achieved by optimizing the method of NIR transcranial LLLT delivery, including the length of treatment and the mode of treatment (PW).
Transcranial LLLT has been shown to significantly improve outcome in acute human stroke patients when applied approximately 18 hours after the stroke occurs over the entire surface of the head (20 points in the 10/20 electroencephalographic system), regardless of the stroke location [31] . Only one LLLT treatment was administered, and, 5 days later, significantly greater improvement was found in the real-treated group but not in the sham-treated group (P < .05, National Institutes of Health Stroke Severity Scale). This significantly greater improvement was still present 90 days after -the stroke occurred, at which time 70% of the patients treated with real LLLT had a successful outcome compared with only 51% of control subjects. An NIR (808 nm) laser was used, which delivered a fluence of 0.9 J/cm 2 over the entire surface (2 minutes per each of the 20 points; power density of 7.5 mW/cm 2 ).
In a second, similar study with the same transcranial LLLT protocol, an additional 658 acute stroke patients were randomly assigned to receive real or sham treatments of transcranial LLLT. Similar significant beneficial results (P < .04) were observed for the patients who had a moderate or moderate to severe stroke (n = 434) and received the real laser protocol but not for the patients who had a severe stroke [32] . When all 656 cases were included in the data analysis (including the severe stroke cases), no significant real versus sham LLLT effect was seen. When data for both stroke studies were pooled (n = 778 [120 plus 658]) [31, 32] , a highly significant beneficial effect was seen for the real transcranial LLLT group (P = .003) compared with those who received the sham laser treatment [33] .
Lampl et al [31] wrote that "Although the mechanism of action of infrared laser therapy for stroke is not completely understood . . . infrared laser therapy is a physical process that can produce biochemical changes at the tissue level. The putative mechanism . . . involves stimulation of ATP formation by mitochondria and may also involve prevention of apoptosis in the ischemic penumbra and enhancement of neurorecovery mechanisms."
To date, no studies have been conducted to examine transcranial LLLT treatment of chronic stroke patients. Naeser et al [34] studied the application of LLLT-laser acupuncture (instead of needles) to stimulate acupuncture points on the body in chronic stroke patients with paralysis. Seven stroke patients (range, 48-71 years; 5 men) were treated, 5 of whom had single left hemisphere stroke, and 2 of whom had single right hemisphere stroke. Five patients were treated for hemiplegia, including severely reduced or no voluntary isolated finger movement, and 2 patients had hand paresis only. Six of the 7 patients received laser acupuncture during the chronic phase after the stroke had occurred (10 months to 6.5 years after stroke onset), clearly beyond the spontaneous recovery phase, which is considered to be up to 6 months after the stroke occurs [35, 36] . The patients served as their own controls; no sham LLLT was administered. One patient (who had hand paresis) received LLLT during the acute phase after the stroke occurred (1 month after the stroke occurred). The patients did not receive any physical therapy or occupational therapy treatments while participating in this study.
A 20-mW gallium aluminum arsenide (780 nm) NIR CW laser with a 1-mm-diameter aperture was used (Unilaser, Copenhagen, Denmark). (At the time of this study, more powerful red or NIR lasers were not yet available.) Treatment consisted of stimulation of shallow acupuncture points (located on the hands and face) for 20 seconds per point (51 J/ cm 2 ). Deeper acupuncture points (located on the arms and legs) were treated for 40 seconds per point (103 J/cm 2 ). Acupuncture points were treated on both the paralyzed side (arm, leg, and/or face) and on the nonparalyzed side by using primarily acupuncture meridians of the large intestine, triple warmer, gall bladder, liver, small intestine, and stomach [34] . The patients were treated 2-3 times per week for 3-4 months. They received a total of 20, 40, or 60 treatments (based on patient availability and transportation). Within a few days before the first treatment and a few days after the last treatment, physical therapy and/or occupational therapy testing was performed by therapists blinded to the acupuncture treatment program to which the patient had been assigned: LLLT, real or sham needle, or no acupuncture. Overall, 5 of 7 of the patients (71.4%) showed improvement.
The 2 patients who showed no improvement had severe paralysis. We have observed that severity of paralysis and potential for improvement after LLLT-laser acupuncture (or needle acupuncture) is related to lesion location on chronic computed tomography (CT) scan acquired at least 3 months poststroke onset. Patients with lesion in more than half of the "periventricular white matter area" (PVWM) (adjacent to the body of the lateral ventricle, superior to the posterior limb, internal capsule), an area containing multiple efferent and afferent pathways (eg, thalamocortical, occipitofrontal, pathways from SMA/cingulate gyrus to the body of caudate, medial subcallosal fasciculus, and others), had severe paralysis which did not improve following LLLT-laser acupuncture (or needle) acupuncture treatments [34, 37, 38] . This area is diagrammed in Figure 6 . The CT scan for a chronic stroke patient who had good response after LLLT-laser acupuncture treatments [34, 37, 38] . This area is diagrammed in Figure 7 .
The 3 chronic stroke patients with hemiplegia who showed improvement after LLLT had an increase of 11%-28% in isolated, active range of motion for shoulder abduction, knee flexion, and/or knee extension (mean, 15.8%; SD, 7.1). This percentage increase after LLLT-laser acupuncture was similar to that observed after a series of 20 or 40 needle acupuncture treatments [37, 38] . The person with hand paresis who was treated with LLLT at 33 months after stroke onset showed an increase of 2-6 lb in grip strength, 3-jaw chuck, tip pinch, and lateral pinch in the affected hand. These results are similar to those obtained with needle acupuncture [39] . These findings are intriguing and suggest that some recovery of motor function can occur with needle acupuncture or LLLT acupuncture applied to body acupuncture points in chronic stroke patients.
A reduction in hand spasticity also has been observed when chronic stroke patients are treated with a combination of red-beam laser applied to hand acupuncture points plus microamps transcutaneous electrical nerve stimulation (TENS). Figure 8 shows an immediate reduction in hand spasticity after the first hand treatment when LLLT-laser acupuncture and microamps TENS were used with 2 chronic stroke patients. This LLLT and microamps TENS hand treatment program also may be used with patients who have hand spasticity related to other etiologies, including, for example, traumatic brain injury (TBI), "stiff man syndrome," and spinal cord injury (SCI) (personal observation, M.A.N., 2001). Similar to red and NIR LLLT, microamps TENS increases ATP levels when applied to the skin [40] . However, Cheng et al [40] observed that when stronger milliamps TENS was used (eg, similar to conventional TENS), the ATP levels were decreased. Hence when microamps TENS is used (as shown in Figure 8 ) [41] , it is advisable to keep the sensation below threshold for the patient to increase ATP (not decrease ATP).
TRAUMATIC BRAIN INJURY
Each year in the United States, more than 1.4 million new cases of TBI occur, and more than 80,000 persons are left with permanent disability [42] . Mild TBI (mTBI) from single and multiple events is the most frequent type of head injury experienced by military personnel deployed to Iraq and Afghanistan [43] . TBI is known to cause damage that ranges from observable to microscopic throughout the gray and white matter of the brain. Diffuse axonal injury [44] is often observed in the anterior corona radiata and frontotemporal regions [45] . Two regions highly susceptible to damage within the frontal lobes are the prefrontal cortex and the anterior cingulate gyrus. Cognitive processing problems result from tissue damage and inefficient cellular function in these brain regions. The prefrontal cortex is involved with maintaining, monitoring, and manipulating information in working memory [46] and particularly in sustained attention [47, 48] .
In the first reported study of the use of transcranial LLLT to treat traumatic brain injury, an animal model was used [49] . Mice were subjected to closed-head injury (CHI) by using a weight-drop procedure, and 4 hours after CHI, either sham or real NIR LLLT (808 nm) was administered transcranially. The control group received no laser therapy (n = 8); the lasertreated group (n = 16) received 1 transcranial LLLT treatment by using a 200-mW, 808-nm NIR laser with a 3-mm-diameter probe tip (Photothera Inc, Carlsbad, CA). Either 10 or 20 mW/cm 2 was administered. A single point was treated on the skull (a skin incision was made) that was located 4 mm caudal to the coronal suture line on the midline. The point was treated for 2 minutes (1.2-2.4 J/cm 2 ). At 24 and 48 hours after CHI, no significant difference in motor behavior was seen between mice in the laser-treated and control groups. After 5 days, the motor behavior was significantly better (P < .05) in the laser-treated group; in addition, the neurobehavioral scores were 26%-27% better (lower scores indicated better motor behavior). At 28 days after CHI, the brain-tissue volume was examined for mice in each group. The mean lesion size of 1.4% in the laser-treated group (SD 0.1) was significantly smaller (P < .001) than in the control group (12.1%, SD 1.3). No difference in lesion size or behavior was observed in the mice treated with 10 mW/cm 2 and those treated with 20 mW/cm 2 . The researchers suggested various possible mechanisms, including an increase in ATP, total antioxidants, angiogenesis, neurogenesis, heat shock proteins content, and an antiapoptotic effect, similar to observations reported after LLLT treatment of ischemic heart skeletal muscles [50] [51] [52] [53] [54] .
Moreira et al [55] conducted a study in 2009 using phototherapy with low-intensity lasers and observed the effect on local and systemic immunomodulation after cryogenic brain injury in rats. Brain and blood samples were analyzed by enzyme-linked immunosorbent assay for the production of cytokines interleukin (IL)-6 , IL-10, IL-1b, and tumor necrosis factor (TNF)-α. The study concluded that laser phototherapy could positively affect the balance of IL-1b, TNF-α, and IL-6 in rats and thereby prevent cell death after TBI.
Wu et al [56] reported another mouse study of LLLT mediated by transcranial laser therapy. A nonfocal (diffuse) TBI was produced by a CHI caused by a calibrated weight-drop device. A neurologic severity score for each mouse was determined based on 10 standardized performance tests (involving beam balancing and maze exiting) administered at specified times. Mice with a neurologic severity score of 7-8 (moderately severe brain injury) were used in the study. Mice were given a single treatment to the top of the head with 36 J/cm 2 of a 665-nm, 810-nm, or 980-nm laser 4 hours after the closed head TBI. Both 665-nm and 810-nm lasers were highly effective in improving the neurologic performance of the mice during the succeeding 4 weeks. The 980-nm wavelength was ineffective (negative control). We believe that this difference in results can be explained by the absorption spectrum of the different chromophores; CCO has peaks at 660 nm and 810 nm, whereas water has a peak at 980 nm.
In humans, 2 persons with chronic mTBI recently have been reported to have improved cognition after a series of treatments with transcranial, red, and NIR LEDs [57, 58] . The LED cluster heads were applied to the forehead and scalp areas (the hair was not shaved off but was parted underneath each 2-inch-diameter LED cluster head). Each cluster head had 61 diodes (9 red 633-nm diodes and 52 NIR 870-nm diodes). Each diode was 12-15 mW, and the total power output was 500 mW. The LED cluster heads were applied to bilateral frontal, parietal, and temporal areas and to the mid-sagittal suture line.
Each LED cluster head was applied for 10 minutes per placement. With the device used here (parameters described above), 1 joule per cm 2 (J/cm 2 ) energy density was produced during every 45 seconds of exposure time. The energy density dose at the forehead-scalp was 13.3 J/ cm 2 ; the power density was 22.2 mW/cm 2 (±20%). The power density refers to the mW of power applied per cm 2 . The ± refers to the range of fluctuation (plus or minus 20%) on the power density per cm 2 . This power density is well below that used in other transcranial laser or LED studies to treat acute stroke cases or severe depression cases (225 mW/cm 2 ) [59] . It is estimated that only approximately 3% of the photons delivered to the forehead-scalp surface will reach 1 cm, to the cortex [60] . The dose of 13.3 J/cm 2 per placement area was estimated to deliver only 0.4 J/cm 2 to the brain cortex. No sensation of heat or pain was reported during the LED application to the skin or scalp. These LED cluster heads (MedX Health Corp, Mississauga, Ontario, Canada) are approved by the U.S. Food and Drug Administration for treatment of musculoskeletal pain; they were used off-label for treatment of cognition in the mTBI cases. No potential existed for ocular damage because the LEDs produce noncoherent light. These LED cluster heads also have been approved by the Food and Drug Administration for home treatment.
A 66-year-old woman (case 1) began transcranial LED treatments 7 years after a motor vehicle-related TBI. Before LED treatment, she could focus on her computer for only 20 minutes. After 8 weekly LED treatments, her focused computer time increased to 3 hours. She has treated herself nightly at home for 5.5 years, with transcranial LED. She maintains her improved cognition at age 72 years.
Case 2 involved a 52-year-old retired, high-ranking female military officer who had a history of multiple TBIs. Her brain MRI showed frontoparietal atrophy. She was medically disabled for 5 months before beginning nightly transcranial LED treatments at home (see Figure 9 , A and B). After 4 months of nightly LED treatments, she returned to work full time as an executive consultant for an international technology consulting firm and discontinued medical disability. Neuropsychological tests performed after 9 months of transcranial LED showed significant improvement in cognition (see Figure 9 , C). After LED treatments, she improved on tests of executive function (inhibition and inhibition accuracy, +2 SD) and on memory (immediate and delayed recall +1, +2 SD). The improvement of +1 or +2 standard deviations on her scores refers to the degree of improvement on her scores after 9 months of LED treatments (versus before LED treatments). The SDs are provided with the test materials, and they are based on the published norms for each test.
Both patients with TBI reported that they needed to continue with home treatments. If they stop treatment for 1 or 2 weeks, then their cognitive problems started to return. Both patients with TBI reported improved sleep. The second patient with TBI reported a decrease in her posttraumatic stress disorder symptoms after a few months of using the transcranial LEDs, and Schiffer et al [59] also reported a reduction in posttraumatic stress disorder symptoms in 3 of 10 patients with major depression who were treated with transcranial LED.
Several possible mechanisms may be associated with the improved cognition in the mTBI cases treated with transcranial LEDs [58] . Mitochondria display a significant amount of dysfunction after TBI [61] [62] [63] . The primary mechanism for improvement posited in one study with human acute stroke patients was an increase in ATP, with photons being used by CCO in the mitochondria to increase ATP, especially in the cortex [64] .
An increase in ATP after red and/or NIR LED treatments in patients with chronic TBI would have beneficial effects, including an increase in cellular respiration and oxygenation. Oxidative stress plays a role in the damage present after TBI [65] . One hypothesis is that LLLT produces low levels of ROS in mitochondria of illuminated cells and that these ROS cause NF-κB activation via the redox sensitive sensor enzyme protein kinase D1, which results in upregulation of the mitochondrial superoxide dismutase [66] . A single exposure of LLLT-LED in vitro with fibroblasts has been observed to increase NF-κB in the short term [67] . In stimulated dendritic cells in the longer term, however, NF-κB and pro-inflammatory cytokines were reduced [68] . Thus, in the long term, repeated LED treatments are hypothesized to decrease inflammation (less NF-κB) and upregulate gene products that are cytoprotective, such as superoxide dismutase, glutathione peroxidase, and heat shock protein 70 [54, 69] . It is hypothesized that an overall protective response occurs with repeated LED treatments and that major ROS-mediated damage and chronic inflammation that occur in the brain after TBI may actually be reduced.
Acupuncture points located on the scalp were treated with the red-NIR LEDs [57] . This includes points along the Governing Vessel (GV) acupuncture meridian, located on the midline of the skull (including, in part, the mid-sagittal suture line). Some acupuncture points located on the GV meridian have been used historically to help treat patients in coma [70] and stroke [71] , for example, GV 16 (inferior to occipital protuberance), GV 20 (vertex), and GV 24 (near center-front hairline); these points were treated in both patients with TBI reported in this study.
Transcranial red-NIR LED may have irradiated the blood via the valveless, emissary veins located on the scalp surface but interconnecting with veins in the superior sagittal sinus (M. Dyson, oral personal communication, June 2009). If red-NIR photons penetrate deeply enough to reach the cortex, then it also is possible they are entering small vessels located between the arachnoid and the pia mater, including those that supply arterial blood to superficial areas of the cortex. Direct in vitro blood irradiation with a red-beam laser has been observed to improve erythrocyte deformability (flexibility) and rheology [72, 73] . A beneficial effect from direct-laser blood irradiation in vivo has been observed during stenting procedures where a low-level, red-beam laser (10 mW, 650 nm) was used, with the beam placed directly into a coronary artery [74] . The restenosis rate was reduced and no adverse effects or complications were noted. Thus blood irradiation at the scalp may have affected local intracerebral blood and circulation; however; whether this effect occurred is unknown and would require further study.
An increase in regional cerebral blood flow may have occurred, specifically to the frontal lobes. The second TBI case showed significant improvement on objective, neuropsychological testing for executive function (inhibition) after administration of LED. These results suggest improved function in the prefrontal cortex and anterior cingulate gyrus regions. Significant improvement on "inhibition" on the Stroop test particularly suggests improved function of the medial prefrontal cortex, anterior cingulate gyrus area [75] . It is possible that this medial prefrontal cortex area could have been treated with NIR photons, especially when the LED cluster head was placed over the midline, front hairline area. The dorsolateral prefrontal cortex also was likely irradiated when the LEDs were placed on the left and right high-frontal areas of the scalp. Increased regional cerebral blood flow also could have occurred in frontal pole areas with the TBI cases, as was observed in the recent transcranial LED study to treat major depression [59] . Additional controlled studies with real and sham transcranial LLLT and LED are recommended to investigate whether these methods can be applied to improve cognition and reduce symptom severity in persons with acute and chronic TBI. The LED technology is not expensive ($1400 for a single LED cluster head and approximately $4000 to $5000 for a unit with 3 LED cluster heads). The transcranial LED treatment protocol can be used in the home.
DEGENERATIVE CENTRAL NERVOUS SYSTEM DISEASE
The positive effects of transcranial laser therapy on stroke and TBI have led to early investigations into whether LLLT may have benefits for persons with degenerative brain disorders, which are a rapidly growing affliction of the world's aging population. Moges et al [76] tested whether LLLT had a role to play in treating familial amyotrophic lateral sclerosis (FALS), which is a neurodegenerative disease characterized by progressive loss of motor neurons and death. Mitochondrial dysfunction and oxidative stress play an important role in motor neuron loss in ALS. The study combined LLLT (with use of an 810-nm diode laser with 140-mW output power targeting a 1.4-cm2 spot area for 120 seconds using 12 J/ cm 2 energy density) and riboflavin to test the survival of motor neurons in a mouse model of FALS. Motor function (determined with use of the Rota rod test) was significantly improved in the LLLT group in the early stage of the disease. Immunohistochemical expression of the astrocyte marker glial fibrillary acidic protein was significantly reduced in the cervical and lumbar enlargements of the spinal cord as a result of LLLT.
Trimmer et al [77] carried out preliminary studies that may have relevance to Parkinson disease (PD). Mitochondria supply the ATP needed to support axonal transport, which contributes to many other cellular functions essential for the survival of neuronal cells. Furthermore, mitochondria in PD tissues are metabolically and functionally compromised. The researchers measured the velocity of mitochondrial movement in human transmitochondrial cybrid "cytoplasmic hybrid" neuronal cells with mitochondrial DNA from patients with sporadic PD and disease-free age-matched volunteer control subjects (CNT). PD and CNT cybrid neuronal cells were exposed to NIR laser light (an 810-nm diode laser using 50 mW/cm 2 for 40 seconds), and axonal transport of labeled mitochondria was measured. The velocity of mitochondrial movement in PD cybrid neuronal cells was significantly reduced compared with mitochondrial movement in disease-free CNT cybrid neuronal cells, and 2 hours after LLLT, the average velocity of mitochondrial movement in PD cybrid neurites was significantly increased and restored to levels comparable with those of CNT. Mitochondrial movement in CNT hybrids was unaltered by LLLT. PD cybrid neuronal cell lines with the most dysfunctional mtETC assembly and oxygen utilization profiles were least responsive to LLLT.
Zhang et al [78] likewise did preliminary experiments with relevance to Alzheimer disease. They showed that LLLT (0.156 -0.624 J/cm 2 from a 5-mW HeNe laser) could protect rat pheochromocytoma PC12 cells (a model of cortical neurons) from apoptosis caused by amyloid β peptide (Aβ25-35). This protection was mediated by protein kinase C activation caused by an increase in the cell survival protein bcl-xl and a decrease in cell death protein bax. Although no peer-reviewed publications have been published to date, it is known that transcranial LLLT has been applied to patients with moderate Alzheimer disease.
Michalikova et al [79] treated middle-aged (12-month-old) female CD-1 mice with a daily 6-minute exposure to 1072-nm LED light for 10 days and found that LLLT yielded a number of significant behavioral effects upon testing in a 3-dimensional maze. Middle-aged mice showed significant deficits in a working memory test, and LLLT reversed this deficit. LLLT-treated middle-aged mice were more considerate in their decision making, which resulted in an overall improved cognitive performance comparable with that of young (3-month-old) CD-1 mice. These results suggest that LLLT could be applied in cases of general cognitive impairment in elderly persons.
SPINAL CORD INJURY
SCI is a severe central nervous system trauma with no effective restorative therapies. Light therapy has biomodulatory effects on central and peripheral nervous tissue. Several groups investigated the effectiveness of LLLT on SCI. Roch-kind et al [80] demonstrated that LLLT applied simultaneously to the injured sciatic nerve and the corresponding segment of the spinal cord accelerates the process of regeneration of the injured peripheral nerve.
Light therapy (810 nm, 150 mW) significantly increased the axonal number and distance of regrowth in 2 SCI models: a contusion model and a dorsal hemisection model [81, 82] . In addition, LLLT returned aspects of function to baseline levels and significantly suppressed immune cell activation and cytokine-chemokine expression [81] .
Moreover, light therapy significantly improved the average length of axonal regrowth and increased the total axon number for both injury models. A statistically significant lower angle of rotation of the feet was observed during a walking test in the hemisection model and a statistically significant overall functional recovery in contusion model was seen in the LLLT groups. These results suggest that light may be a promising therapy for human SCI [82] .
PERIPHERAL NERVE
The use of new therapeutic instruments such as electric stimulation, ultrasound, and LLLT for peripheral nervous system regeneration is currently being investigated in an attempt to achieve early functional recovery. LLLT has been used in several clinical and experimental research studies on peripheral nerves injuries.
In a pilot double-blind randomized study, Rochkind et al showed that postoperative 780-nm laser phototherapy enhances the regenerative process of the peripheral nerve after reconnection of the nerve defect by using a PGA neurotube. Morphologically, the lasertreated group showed an increased total number of myelinated axons [83] . These researchers also reported that, in patients with long-term peripheral nerve injury, 780-nm laser therapy (250 mW) can progressively improve nerve motor function, which leads to significant functional recovery [84] .
Barbosa et al [85] observed that, compared with the 830-nm laser group and the sham group, rats in the 660-nm laser group had the best sciatic functional index scores on average, which indicates that the use of these parameters was more efficient. Differences in sciatic functional index were found among the 660-nm laser group and the other ones at the 14th day [85] . However, Gigo-Benato et al [86] found that pulsed (905 nm) continuous (808 nm) combined laser biostimulation showed the best effectiveness in promoting peripheral nerve regeneration.
CONCLUSION
LLLT is steadily moving into mainstream medical practice. As the Western populations continue to age, the incidence of the degenerative diseases of old age will only continue to increase and produce an evermore severe financial and societal burden. Moreover, despite the best efforts of "big pharma," distrust of pharmaceuticals is growing in general because of uncertain efficacy and troublesome adverse effects. LLLT has no reported adverse effects, and no reports of adverse events can be directly attributed to laser or light therapy. We believe that the high benefit:risk ratio of LLLT should be better appreciated by medical professionals in the rehabilitation and physical medicine specialties. The introduction of affordable LED devices powered by rechargeable batteries will lead to many home-use applications of LLLT. The concept of "wearable" light sources is not far off. Moreover, the particular benefits of LLLT to both the central and peripheral nervous systems suggest that much wider use of LLLT could or should be made in cases of both brain diseases and injuries. Illustration of mitochondrion, as well as of the electron transport chain and oxidative metabolism. Complex IV (cytochrome c oxidase) is the principal chromophore involved in low-level light therapy. It has 2 copper centers and 2 heme prosthetic groups. Cytochrome c is oxidized and oxygen is reduced to water during respiration. Nitric oxide can bind to copper (or heme) centers in cytochrome c oxidase and inhibit respiration. The nitric oxide may be photodissociated by absorption of red or near infrared light, allowing oxygen to return and sharply increasing respiration and adenosine triphosphate formation. Diagram that illustrates the mechanism of low-level light therapy (LLLT) on the cellular and molecular level. Near infrared light, absorbed by the mitochondria, causes upregulation of the cellular respiratory chain. A host of downstream cellular responses involving nitric oxide, reactive oxygen species, and cyclic adenosine monophosphate ensues, which ultimately dictates LLLT effects. Location of periventricular white matter (PVWM) area (black arrow), adjacent to the body of the lateral ventricle, located immediately superior to the posterior limb, internal capsule (computed tomography slice angulation, coronal and axial views). An extensive lesion in the PVWM was associated with severe paralysis and poor response following low-level light therapy (LLLT) or needle acupuncture treatments in chronic stroke patients with upper extremity, lower extremity, and hand paralysis. Patients with a lesion that was present in less than half of the PVWM area and who had a lesion that was not adjacent to the body of the lateral ventricle had less severe paralysis and good response after a series of LLLT or needle acupuncture treatments (34, (37) (38) (39) . Chronic stroke patients who had some preserved isolated finger flexion and extension before LLLT had the best potential for improvement after LLLT or needle acupuncture treatment. Other cases often had reduced spasticity after LLLT or needle acupuncture treatments. (a.) Computed tomography (CT) scan of a 65-year-old woman obtained 5 months after stroke onset shows sparing of the most posterior portion of the periventricular white matter (PVWM) (white arrow), that is, likely sparing of some of the leg fibers. This patient showed improvement in knee flexion (b.) and knee extension (c.) after low-level light therapy (LLLT)-laser acupuncture treatments, which were initiated at 12 months after stroke onset. Knee extension increased from 77%-89% after 40 LLLT treatments, and her ability to climb up and down stairs improved. (She had shown some improvement on lower extremity tests after needle acupuncture treatments applied earlier after her stroke.) No improvement was seen in the upper extremity after LLLT or needle acupuncture, likely because of an extensive lesion in the more anterior portions of the PVWM. The arm paralysis was severe, scoring 0% isolated active range of motion for all arm tests at all times. The improvement in knee flexion and knee extension remained stable at 2 months after the last LLLT-laser acupuncture treatment (15 months after the stroke occurred). (Reprinted with author's permission, [34] ) (a.) Before the first low-level laser therapy (LLLT) and microamps transcutaneous electrical nerve stimulation (TENS) acupuncture treatment. It was 1.5 years after stroke onset and the patient still had right hand spasticity and was unable to extend her fingers into full extension. Microamps TENS was applied for 20 minutes to acupuncture point Heart 8 (in the palm of the hand) and Triple Warmer 5 (proximal to the dorsum of the wrist). Red-beam laser (670 nm, 5 mW, 4 J/cm2) was applied to the 6 Jing-Well points, located at base of fingernail beds on the hand, plus a few additional hand points. (b.) Immediately after the first 20-minute LLLT and microamps TENS acupuncture treatment, the patient had less hand spasticity and better control to open the fingers into full extension. More treatments are required for a longer-lasting effect. The patient can treat herself at home by using this LLLT and microamps TENS protocol, which is painless and noninvasive [41] . (c.) and (d.) A similar stroke case is shown. 
